Abstract. Using new high accuracy Light Detection and Ranging elevation data we generate coastal flooding maps for Norway.
shops etc. Their findings indicate that the west coast of Norway is the region most at risk from sea-level rise. In total, the costs on constructional measures for adapting the existing buildings for higher sea level are estimated to C725 million. Norway is also included as part of the European study by Vousdoukas et al. (2018a) . They conclude that Norway is one of the countries 60 that shows the highest absolute increase in expected annual damage and expected annual number of people exposed to coastal flooding towards the end of the century. They find that by 2100, annual damages will increase to between 1.7 and 5.9 percent of GDP. The main driver of this increase is climate change, with changes in economic growth patterns as a secondary effect.
This result suggests that the costs of sea-level rise for Norway could be very significant.
In this study, we describe the methods and results from the first generation of nationwide inundation maps for Norway.
For the first time, sea-level projections are combined with new national high accuracy Light Detection and Ranging (LiDAR) elevation data, tidal and storm-surge height information, and geospatial data in order to map coastal flooding in Norway. The main difference between our approach and past analyses is that here we use new high accuracy LiDAR elevation data. The resulting maps have been made available to end-users as part of the coastal climate service Se havnivå i kart (in English:
View sea-level rise in maps) (see Kartverket, 2019c) created by the Norwegian Mapping Authority. The service provides a 70 web tool for visualizing the potential effects of coastal flooding and presents associated numbers over exposed objects. The demand for sea-level projections in coastal climate services is driven by three main end-user needs (Titus and Narayanan, 1995; Le Cozannet et al., 2017): 1. Identifying research needs.
2. Mitigation: To examine the consequences and benefits of sea-level projections for different greenhouse-gas emission 75 scenarios.
3. Adaption: Understanding and communicating information that can help society adapt to present and future sea-level rise.
Se havnivå i kart is primarily focused on providing information that can be used in climate adaptation work. The service provides inundation maps for both present sea level and future sea level in 2090. These sea-level heights can be combined with different return heights for storm surges which correspond to safety classes given in the current building acts and regulations 80 for Norway (TEK, 2019) . In addition, there are inundation maps indicating exposed objects and areas at 1 m height intervals set between 1 and 5 m above present Mean High Water (MHW). The service has been tailored to assist Norway's coastal municipalities with emergency preparedness, long-term planning decisions, and to help communicate the risks associated with storm surge and sea-level rise to the public and other stakeholders.
In the following we describe the methods and data used for creating the inundation maps and associated numbers over 85 exposed objects. We show results for a variety of storm-surge heights and water levels. Furthermore, we show how these results vary regionally for different categories of land use, buildings, and roads. The discussion examines the accuracy and reliability of the maps and addresses some issues on how to interpret the results.
Our inundation maps and associated statistics are generated by combining sea-level projections and storm-surge return heights 90 with a digital elevation model (DEM) and map databases of buildings, land coverage, and roads. These data are referenced to different vertical datums. Thus, to combine these data in a common vertical reference system requires knowledge of the different vertical datums and how to transform between them. For example, to visualize the height of MHW in the national height system NN2000 requires knowledge of these two vertical datums and also the relationship between them. Strauss et al. (2012) stress that topographic vulnerability must be assessed with respect to local water levels, and not, e.g., a nationwide 95 definition of elevation zero. In Se havnivå i kart, varying tidal heights along the Norwegian coast are considered by using water levels above MHW and storm-surge heights that include the effect of the astronomical tides. The resulting water levels can then be transformed to the present national vertical reference system of Norway, NN2000, by exploiting MHW's known height in NN2000.
Sea level projections and storm-surge return heights
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Official regional sea-level projections for Norway are based on science from the Fifth Assessment Report from the Intergovernmental Panel on Climate Change (IPCC AR5) (Taylor et al., 2012; Church et al., 2013) . The projections show increasing sea levels for the entire coastline over the 21st century, albeit below the global mean change (Simpson et al., 2015 (Simpson et al., , 2017 .
VLM due to glacial isostatic adjustment is an important component of sea-level change for Norway and observations indicate it varies between 1 and 5 mm yr −1 along the coast (Kierulf et al., 2014; Vestøl, 2006) . VLM therefore acts to mitigate sea-level 105 rise in Norway and essentially explains why rates of sea-level change vary from location to location. The VLM field used in the projections is based upon permanent GPS observations and repeated levelling (see Simpson et al., 2015) . The presence of small-scale anomalies, e.g., urban subsidence, may cause VLM to deviate significantly from this field at the local level.
Guidelines from the Norwegian Directorate for Civil Protection (DSB) recommend that the upper 95th percentile of the spread of the projections for RCP8.5 be used in coastal planning. The upper 95th percentile corresponds to the top of the likely 110 range in IPCC terminology. As projected sea-level rise varies considerably along the coast, the projections are given for each coastal municipality (273 in total). Depending on location, therefore, the recommended sea-level increase for use in planning varies between 0.40 and 0.82 m (Simpson et al., 2015) , see Figure 1 . These numbers are rounded to the nearest 0.10 m before use in planning.
For RCP8.5, a high emission scenario, the projected likely global temperature increase is 3-5
• C for the period 2081-2100 115 relative to 1986 -2005 (IPCC, 2013 . With a view to sea-level rise, the likely range of the model output is considered to cover 66-100% of the total possible future outcomes (Church et al., 2013) . Higher sea-level rise by 2100 can consequently not be ruled out. There is especially large uncertainty associated with the projected contribution from the large ice sheets in Antarctica and Greenland. Observations indicate that the ice sheet contribution has doubled since 2003 (Nicholls and Cazenave, 2010, and references therein). DeConto and Pollard (2016) find that Antarctica has the potential to contribute more than a meter of 120 sea-level rise by 2100 if emissions continue unabated, but this is only one study and the physical processes required remain 4 https://doi.org/10.5194/nhess-2019-217 Preprint. Discussion started: 12 August 2019 c Author(s) 2019. CC BY 4.0 License.
controversial (see e.g., Edwards et al., 2019) . We also expect further sea-level rise after 2100. Clark et al. (2016) , for example, conclude that current emissions levels have committed Earth to a further global mean sea-level rise of 1.2 to 2.2 m above present sea level. While Strauss et al. (2015) find that unabated carbon emissions up to the year 2100 would lead to an eventual global sea-level rise of 4.3 to 9.9 m. To explore sea-level scenarios above the likely range as recommended for coastal planning 125 and for scenarios beyond 2100, we therefore also present numbers for water levels 1, 2, 3, 4, and 5 m above present-day MHW.
These levels can help stakeholders better understand the sensitivity and vulnerability of the coast to different future scenarios.
Storm-surge return heights are calculated from tide gauge observations, i.e., we assume no change in extreme sea levels with future climate change. Note that calculated return heights do not include the potential effects of wave setup and runup, and the effects of river flooding are not explicitly included in the estimates of present and future extreme sea levels. The storm-surge return heights used here correspond to safety classes in the current building acts and regulations for Norway (TEK, 2019), i.e., water levels that on average arise once within a period of 20-, 200-, and 1000-years. The return heights were calculated by analyzing observations from 23 permanent and several hundred temporal tide gauges along the Norwegian coast (Ravndal and Sande, 2016) . The Average Conditional Exceedance Rate (ACER) statistical method (Naess and Gaidai, 2009; Skjong et al., 2013) was used, which is a type of model that allows return heights for periods longer than the tide gauge records to be 135 estimated.
For each coastal municipality, the return heights have been calculated for one to three locations. To be able to predict return heights at a point away from a permanent tide gauge, analysis of records from temporal tide gauges and oceanographic knowledge have been used to divide the Norwegian coast into zones with similar tidal properties. For these zones, adjusted time series of water level can be created by first calculating the astronomical tide according to the tidal zone. Then the meteorological 140 effect as observed by the closest permanent tide gauge is added and the ACER method is applied to the resulting time series.
Unfortunately, there exist areas along the Norwegian coast where the tidal zones cannot be determined, i.e., inside fiords, bays and where narrow straits change the tidal properties over short distances. Along the southwestern coast, there is a lack of meteorological observations, and the tidal properties are complex due to an amphidromic point off the coast. The adjusted time series for these areas are not sufficiently accurate for tidal predictions, but can still be used to calculate return heights for storm 145 surges.
We present maps and associated numbers visualizing both present storm-surge return heights and return heights combined with projected relative sea-level rise. The numbers for present storm-surge return heights represent today's risk and are useful for disaster preparedness, while storm-surge heights for 2090 are important for planning. Finally, in order to illustrate the potential effects of a storm surge with a scenario of sea-level rise above the IPCC AR5 based projections, we include numbers 150 for a 1000 year storm surge combined with a sea-level rise one meter above that recommended for use in planning, which may be relevant if rapid Antarctic ice mass loss becomes reality.
The digital elevation model
Having a DEM with high vertical accuracy and high horizontal resolution is an important prerequisite for producing reliable inundation maps. Gesch (2009) demonstrates that high accuracy elevation data with high spatial resolution from LiDAR provide a more accurate delineation of inundation zones than other types of elevation data. In developed areas, where small changes in the delineation of the sea may involve many objects, this can be critical.
We have used the national detailed height model of Norway (Kartverket, 2014) to estimate topographic vulnerability due to increasing sea level (available to download at www.hoydedata.no). The DEM is primarily based on airborne topographic mapping by LiDAR but also photogrammetric matching of aerial photos of resolution 0.25×0.25 m in mountain areas. It has a spatial resolution of 1×1 m and is calculated from a point cloud of at least two points per square meter in the areas mapped by LiDAR. The vertical accuracy of the DEM has a production goal standard deviation less than 0.1 m for well-defined solid areas observed by LiDAR (Kartverket, 2014) . The DEM was transformed from ellipsoidal heights to NN2000 by using the height reference surface HREF (Solheim, 2000) .
Presently, about 80% of Norway is covered by the DEM, and the entire country is expected to be mapped by 2023. We 165 assume no geomorphologic changes (e.g. erosion) or man-made landscape interventions take place over time, i.e., the same elevation data are used to map sea-level rise and storm surge today and for 2090.
In order to identify flooded zones, we have followed a "bathtub" approach similar to the one outlined in, e.g., Gesch (2009), Rowley et al. (2007) , and Poulter and Halpin (2008) . A particular cell in the DEM must fulfill two criteria in order to be classified as flooded. First, it must have a height below the given sea-level rise scenario or storm-surge return height and,
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secondly, it must be in hydrological connection to the sea. The latter is important to eliminate low-lying areas that are protected by embankments and barriers like elevated roadbeds with heights above the sea-level scenario. The spatial extension of the sea for a given inundation level is then delineated by polygons that surround the cells in the DEM classified as flooded. Note that these polygons are not isolines with constant heights. The height of, e.g., MHW + 1 m in NN2000 varies along the coast.
Buildings, land cover, and road datasets
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The inundation maps generated from the DEM are the basic product of Se havnivå i kart. Objects affected by increasing sea level can be identified by overlaying the polygons representing the flooded areas with datasets of buildings, roads, and land coverage. This approach makes it possible to map the consequences of coastal flooding for all types of geospatial data and makes the analysis more flexible than an approach where the object's height is used determine whether the object is exposed.
For roads and land coverage, we have used datasets that are customized for the scale range 1:25,000 to 1:100,000. These 180 datasets cover the mainland of Norway and have horizontal accuracy of 2 to 50 meters. The data are cartographically edited for presentation on a scale of 1:50,000 and are named N50. To map affected buildings, the building register that is part of the Norwegian database for basic maps was used (Geonorge, 2019; Kartverket, 2019b) . The datasets have a horizontal accuracy between 0.2 and 2 meters, depending on object type, location, and method used for surveying the objects. Affected buildings are calculated by counting the number of objects inside or intersecting the polygons delineating the regions of inundation. For 185 roads and areas, the objects are clipped, i.e., only the parts of the object inside the polygons are included in the statistics. For the roads, the length of the centerlines are summarized.
Owing to Norway's steep topography, the horizontal location is critical for determining whether an object is exposed or not.
A weakness of the methodology outlined above is that objects located very close to the coast or directly above the sea surface, e.g., buildings on piers and roads on bridges (see Figure 2) , may be erroneously mapped as exposed and bias the statistics.
Unfortunately, basic maps of Norway do not include attributes that allow these buildings to be sieved out and removed from the statistics.
The service's web client does not process data on the fly. All map layers and statistics are preprocessed and read from a database in order to ensure a smooth user experience. The maps are regularly updated as new knowledge and data (e.g. new elevation data, better understanding of vertical datums, error corrections) becomes available. The maps and statistics cover the most densely populated areas and the larger coastal cities of Norway. We consider the inundation maps as the prime result of our analysis, and we first present examples of maps for geographically different areas of Norway. We go on to present national and regional statistics for objects at risk from coastal flooding derived from the maps. 
Examples of inundation maps of Norway
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In Laerdalsøyri, the combined effect of sea-level rise and a 200 year storm surge (1.00 m above present MHW, and 1.58 m above MHW for 2090) will cause flooding in the center of the village and surrounding areas. Buildings of historic interest, government offices, industry, businesses, and some residential areas are potentially at risk. Although levees that have been built to protect the village from river flooding appear to help restrict flooding from storm surge in some areas. We find other towns and villages located on glaciofluvial deltas show similar patterns of flooding, e.g., Lyngdal, Flåm, Fjaerland, Gaupne, Stryn, 225 Åndalsnes, Førde, Surnadalsøra, Rognan, and Alta.
While the strandflat consists of bedrock resistant to erosion, the southwest of Norway is characterized by soft sediments, sandy shores, and sand dunes (see photo in Figure 8 ). These areas are sparsely populated, but provide good opportunities for crop and livestock production. In general, the height of MHW is not known along the southwestern coast of Norway, except around Randaberg illustrated in Figure 7 . Despite the regions flat and low lying terrain, the inundation maps indicate only small 230 areas affected by coastal flooding. We find similar results along the entire southwestern coast, so these areas are at low risk.
However, as the shorelines largely consists of sand and soft sediments, increased erosion due to sea-level rise may become a problem for the southwest coast of Norway. steep terrain that basically prevents large areas to be flooded, the area close to the coast is densely developed. Bergen is also located in a part of Norway with a relatively high projected sea-level rise (0.71 m) as rates of glacial isostatic adjustment are lower than elsewhere, see Figure 1 and 3. The inundation maps show that projected sea-level rise alone (changes in height of MHW) will cause only small changes to the areas that will be permanently inundated. On the other hand, the combined effect of sea-level rise and storm surges indicates many more buildings, roads, and piers will be at risk from coastal flooding in the 240 future. Other Norwegian city centers that will become more vulnerable to coastal flooding include Fredrikstad, Sandefjord, Arendal, Mandal, Stavanger, and Tromsø. Oslo, the capital of Norway, is generally at lower risk from 21st century sea-level rise.
National statistics for land areas, buildings, and roads at risk
For each coastal municipality, we have calculated the area of land, number of buildings, and length of roads affected by coastal 245 flooding. These categories are further subdivided in order to better understand the details of what is at risk, e.g., land areas are divided into areas that are developed, nature, public facility, or primary industry (see Table 1 for more details). The numbers of affected objects (i.e., nationwide totals for Norway, or at least for the ∼80% of the coast where we have data) are given in Tables 2-4 and illustrated in Figure 10 . The percentage increase in exposed areas, buildings, and roads between 2017 and 2090 for different sea-level scenarios are listed in Table 5 . 250 We first note that initial analysis of the numbers of objects affected by coastal flooding for present MHW appear to be biased high. Here we consider MHW as the water level at which objects are permanently inundated by coastal flooding. For present MHW, therefore, the numbers of affected objects should be close to zero. However, we find an area of 152 km Roads erroneously mapped as flooded for present MHW include road sections on bridges and in underwater tunnels.
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The numbers of affected objects for the storm-surge return heights (e.g., 200 year storm-surge height for 2090) are considerably higher than those for present MHW. To some extent, these numbers will also be in error owing to the present MHW bias.
In order to reduce the effect of the MHW bias, we subtract the numbers calculated for present MHW for areas and roads where available. This implies that the size of affected areas is calculated between surfaces mapped with consistent methods. For roads it is unlikely that segments on bridges and in underwater tunnels will be affected, even for higher storm-surge return heights.
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We can not, however, simply subtract the numbers calculated for present MHW from the numbers for higher water levels for buildings, because an unknown number of these buildings will truly be affected by higher levels of flooding. We suggest that the numbers of buildings erroneously mapped as affected will decrease for higher water levels. The numbers calculated for present MHW for buildings form a basis estimates for other water levels can be compared to. They can also be considered as a measure of the precision of the current methods and data used in our analysis. Note that because the coastal climate service Se 270 havnivå i kart presents numbers including the MHW-bias, the numbers for affected areas and roads given in Table 2 and 4 will differ from those of Se havnivå i kart.
Our results help quantify the risk of present-day coastal flooding for Norway and how that risk will increase with sea-level rise. If we compare totals of what is exposed to a 200 year storm surge at present and for 2090, we can broadly see how that risk will evolve nationwide. Total land area exposed will increase from around 400 to 610 km 2 , total number of buildings from 275 105,000 to 137,000, and total length of roads from 510 to 1340 km. A well recognized consequence of sea-level rise is that present-day storm-surge levels will be reached or be exceeded far more frequently in the future (for Norway see Simpson et al., 2017) . This is also apparent from our statistics. For example, the numbers of affected objects for the 20 year storm-surge return height in 2090 exceed the numbers for the 1000 year storm-surge height at present.
For all water levels, Table 2 indicates that the vast majority of flooded land areas fall into two categories; nature and primary 280 industries (see Table 1 for a more detailed description of subcategories). Only a small fraction is categorized as developed or public facility. This reflects the fact that 94.8% of Norway's total land area is nature and undeveloped land areas, 3.4% is agricultural areas, and only 1.7% is developed (SSB, 2019). However, we note that developed areas exposed to a 200 year storm surge will increase by 200% in size between now and 2090 (increasing from 6 to 19 km 2 , see Table 2 and 5). A majority of the affected buildings are private homes and private industry, while the fraction of public buildings is small (see Table 3 ). We have 285 also identified some exposed buildings categorized as critical infrastructure (see Table 1 for definition). These buildings must function during crises because their failure may cause vital public services to break down. It is therefore especially important to identify these buildings so that climate adaptation measures can be taken. Table 3 and 5 show that the number of buildings categorized as critical infrastructure at risk from coastal flooding will more than double due to projected 21st century sea-level
rise (from 30 to 80 for the 200 year storm-surge level). For roads that are exposed, there is an approximate balance between 290 private and public roads (Table 4) .
There are noticeable differences in the statistics between the different present-day storm-surge return heights (see Table 6 ).
The increases from the 20 year to the 200 year present-day storm-surge height are 12 and 22% for the number of affected buildings and the size of flooded land areas, respectively. The increase from the 200 year to the 1000 year present-day stormsurge return height is 7 and 11% for buildings and areas. For roads, the increase is a lot larger, i.e., the length of roads flooded 295 increases by 72% between the 20 year and the 200 year present-day storm-surge return heights, and by 31% from the 200-year to the 1000 year return height. Taking into account projected sea-level rise for 2090, the increases in affected objects between the different storm-surge return heights show a similar pattern to the present day. That is, the increases for higher water levels are more rapid for roads compared to buildings and land areas.
Table 2-4 also includes numbers for present MHW plus 1, 2, 3, 4, and 5 m, as well as the 1000 year storm-surge return 300 height plus one meter for present and 2090. Global sea-level rise will continue after 2100 and these numbers are therefore of use when assessing the consequences of long-term sea-level rise. The numbers for MHW plus 5 m represent the lower limit of the range of eventual global sea-level change, suggested by Strauss et al. (2015) . In this scenario, more than 1700 km 2 , 263,000 buildings, and 6800 km of roads would be permanently flooded. The numbers for a 1000 year storm surge plus one meter sea-level rise are though smaller than those for MHW+5 m, but are still significantly higher than those for 200 year 305 and 1000 year storm surge for 2090. The consequences of long-term sea-level rise for Norway are profound, will lead to large changes to many coastal cities and to the nature of the coastline, and will require extensive climate adaptation measures.
Regional statistics for land areas, buildings, and roads at risk
Here we present results for each coastal municipality in Norway. Regional differences are useful for identifying areas of the coast that are most vulnerable to sea-level rise and storm surges. We focus on the 200 year storm-surge return height but note 310 that the pattern of impacts are broadly similar for other return heights. Figure 11 and 12 show for each coastal municipality the area of land, number of buildings, and length of roads that are affected by coastal flooding at present and for 2090, respectively
The municipalities with the largest land areas that are at risk of flooding are located in the middle of Norway (between Trondheim and Lofoten) and in the outer part of Oslofjorden. This is also evident by the left panels of Figure 13 and 14, which summarize results for the ten municipalities that have the highest number of affected objects. For the present-day 200 year 315 storm-surge return height, nine of these ten municipalities are located in the middle of Norway and one (Fredrikstad) in outer Oslofjorden. For 2090, the size of the flooded area increases and the order of the municipalities changes slightly, but the general pattern of regional impacts does not change.
The regional pattern of land areas affected by coastal flooding closely corresponds to regional differences in the storm-surge return heights, although regional differences in topography and projected sea-level rise also plays a role to some extent. The 320 exposure of land areas to coastal flooding is one measure of the impacts of 21st century sea-level rise and storm surge. As mentioned above, the majority (> 80%) of these land areas are classified as nature. Several of the municipalities in the middle of Norway, where the largest land areas are flooded, are sparsely populated. This is also evident from the maps visualizing the distribution of affected buildings (middle part of Figure 11 and 12), which have quite different spatial patterns. For buildings, the consequences of storm-surge flooding is particularly large in two counties, Hordaland and Rogaland, which are on the west 325 coast of Norway. Moreover, many buildings are exposed along the outer parts of Oslofjorden, along the southern coast, around Trondheimsfjorden, in Lofoten, and in Tromsø. These regions stand out as they are densely populated and include several of the largest cities in Norway.
The pattern of exposed roads (right panel of Figure 11 and 12) is similar to that for land areas, but the ten most exposed municipalities also includes some locations along the southernmost part of the coast. 
Uncertainties of mapping
A number of different factors determine the accuracy of the inundation maps and associated statistics of exposed objects.
Although the uncertainties attached to these factors are not accounted for in our analysis, we discuss their relative importance to the results. Factors determining the accuracy of our results include uncertainties related to (1) the DEM, (2) the vertical 335 reference frame NN2000, (3) the transformation of ellipsoidal heights to the national height system (HREF), (4) the height determined for mean sea level and MHW, (5) the estimated storm-surge return heights, (6) the sea-level projections, (7) the horizontal position of buildings and roads, (8) inaccurate polygons defining land cover, and (9) the effect of, e.g., buildings on pillars and piers. We note that these factors and their uncertainties are inherently different. Furthermore, not all of these factors are relevant for all of the water levels we have mapped. Uncertainties related to storm-surge heights are, for example, 340 not relevant when mapping MHW.
When assessing future flood risk the largest uncertainty probably relates to the sea-level projections (see Table 7 ). The sealevel projections have uncertainties related to the future emission scenario and the ability of models to simulate the future sea-level response. For the mapping method approach taken here, however, where sea-level rise is considered a fixed number (95th percentile of RCP8.5), the uncertainty associated with the sea-level projections can be ignored. In this situation, planning 345 policy dictates which sea level number to use, but there will nevertheless be mapping uncertainties related to, e.g., the accuracy of the DEM and tidal datums.
The DEM has a project goal root mean square error (RMSE) of less than 0.1 m (Kartverket, 2014) . This is ensured by comparing and fitting the point cloud of LiDAR measurements to control-fields and road tracks with heights observed by Global Navigation Satellite Systems (GNSS). Both control-fields and road tracks must be considered as favorable LiDAR 350 targets. The actual accuracy of the DEM depends on the slope of the terrain, terrain surface complexity, target reflectivity, canopy coverage and near ground vegetation, the density and distribution of the ground returns, the accuracy of the LiDAR system, the interpolation algorithm used to create the DEM from the source data, and the spatial resolution of the DEM (e.g., Reutebuch et al., 2003; Li, 1992) . Furthermore, transforming ellipsoidal heights to the national height system NN2000 may introduce additional errors. As heights observed by both GNSS and LiDAR are transformed to NN2000 using the same HREF 355 model, any errors in the transformation will not be detected by comparison to the GNSS control measurements. We therefore consider the project goal RMSE as an optimistic error estimate for the coastal zone.
In Norway, MHW corresponds to the height of the M2 tidal constituent above mean sea level. The uncertainty of MHW therefore depends on the definition of mean sea level, the uncertainty of the estimated amplitude of M2, and the height difference between MHW and NN2000. In addition, other tidal constituents give small contributions to the mean high tide that the 360 present definition of MHW does not include. Unfortunately, there are no assessments of the uncertainty of MHW along the Norwegian coast. But what we can say is that the tidal datums, storm-surge levels, and their heights with respect to NN2000 are well known in areas close to the tide gauges. Along other parts of the coast, they are less well defined. Uncertainties associated with the tidal datums and storm-surge levels may therefore exceed the project goal uncertainty (RMSE<0.1 m) of the elevation data in some areas.
365
There are also effects that are not included in our analysis; for example, wave setup and runup, changes in tides due to sea-level rise, coastal erosion, and the effects of river flooding close to the coast. We have assumed no future changes to the storm-surge return heights but note that a recent study projects areas of increase, areas of decrease, and also areas of model disagreement along the Norwegian coast (Vousdoukas et al., 2018b) .
Accuracy of the DEM
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The accuracy of a DEM can be assessed by comparing it to surveyed control points located in various types of terrain. For example, Gesch (2009) assessed elevation data over eastern North Carolina, USA, by comparing it to 489 control points the National Geological Survey uses for gravity and geoid modeling. These points were surveyed by GNSS. Poulter and Halpin (2008) followed a similar approach that also focused on North Carolina, but used 3480 quality control points surveyed by real time kinematic GNSS.
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We assess the quality of Norway's DEM using two independent sets of control points surveyed by GNSS. The first dataset includes about 10,000 points that are part of the Norwegian national geodetic network (NGN). These points are spread throughout Norway in various types of terrain and topography, and are in locations suitable for making GNSS measurements (i.e. sites are chosen where obstacles that could interrupt the GNSS signals are avoided). An adjustment of baselines and 3D positions of individual benchmarks was used to compute final heights with typical standard errors of less than 1 cm. The second data 380 set consists of 132 points observed with the Norwegian real time kinematic GNSS network service, known as CPOS (Ouassou et al., 2015) . The test field covered an area of approximately 0.2 km 2 and was located in typical Norwegian coastal terrain including solid bedrock, slopes, and beaches covered with boulders. As these points were surveyed with CPOS, we expect that the heights in the test field have some lower accuracy compared to the NGN, approximately 2 to 3 cm. All heights observed by GNSS were transformed to NN2000 by use of HREF. For both groups of control points, we estimated the maximum, minimum,
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and mean difference as well as the RMSE. Table 8 summarizes the results of the comparison.
Comparing the nationwide DEM to the heights of the NGN reveals large differences ranging up to ∼62 m. Many of the largest differences are for control points located on the roofs of high buildings or in open-pit mines where the terrain has changed due to human activity. We therefore opt to eliminate these outliers, and focus on control points within ±1 m from the the DEM has systematically lower heights than the NGN. Benchmarks located at high points in the terrain may partly explain this bias. For instance, many of the benchmarks in NGN are placed on small concrete pillars with horizontal dimensions of 0.5×0.5 m and a height of approximately 0.25 m above its local surrounding terrain. Such features are not picked up by the DEM because the area of the pillars amounts to only one forth of a cell in the DEM. Also the algorithm used to convert the LiDAR data from a point cloud to a regular grid may contribute to the bias. The generalization can be considered as applying 395 a low pass filter to the terrain, with the effect of filtering out the finest details in the terrain. The RMSE of 0.26 m is similar to that calculated by Poulter and Halpin (2008) for a 6×6 m DEM covering North Carolina, but significantly higher than 0.14 m estimated by Gesch (2009) for the 3×3 m USGS National Elevation Dataset also covering North Carolina.
Comparing the DEM to the points in the coastal test area, we calculate a mean difference of 0.11 m and RMSE of 0.28 m.
The coastal test field also has points with differences larger than one meter, these points are located in steep terrain close to the 400 sea. Using observations from flat terrain only, the mean difference and the RMSE reduce to -0.01 m and 0.10 m, respectively.
We repeat the calculations by replacing the nationwide DEM with a DEM with a finer spatial resolution (0.5×0.5 m) that covers most of the test field. Using a finer spatial resolution acts to reduce the overall RMSE by 44% and several of the largest differences also become smaller (see Table 8 ). This indicates that the vertical accuracy of the DEM can be significantly improved by increasing the spatial resolution to above 1×1 m, and especially in steep terrain.
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Our tests suggest that the project goal of the DEM used to calculate the inundation maps (RMSE<0.1 m) is only achieved in flat terrain and considerably lower accuracies must be expected in steep areas and along much of the coast. The comparison to control points in the national geodetic network indicates a RMSE of 0.26 m to be a more realistic error estimate. As the control points in NGN are located in different types of terrain, which broadly reflect Norway's varying physical geography, we believe they provide a more appropriate DEM quality indicator rather than comparisons to measurements at idealized control surfaces 410 and road tracks as used to determine the project goal RMSE.
Any error in the DEM translates into horizontal errors when mapping the extent of a water level, or flood surface. For a particular section, the overall horizontal deformation can be written / tan(α), where is the uncertainty of the DEM and α is the slope of the terrain. In steep terrain, we expect that the DEM has its largest errors, but the horizontal deformation due to a large vertical error will be small. In flat terrain, it is opposite; the DEM is typically more accurate, but a smaller vertical error • slope, respectively. From this we can summarize that, although Norway has a generally steep coastal topography, the relative large DEM errors here will not introduce large horizontal errors when mapping flood levels. However, given the length of the coast, and large amount of infrastructure located very close to the coastline, the DEM errors may be critical for determining which objects are at risk. 
Comparison to other work
As an alternative to our approach where affected objects were identified by overlaying inundation polygons with geospatial data like buildings, the height of the objects themselves can be used to identify what is exposed to future sea-level rise and storm approximately 110,000 buildings were found nationwide with a height less than one meter above elevation zero in the former national vertical reference system of Norway, NN1954, which at Norwegian tide gauges has its zero height within -0.09 m and 0.17 m from mean sea level. Unfortunately, a straightforward comparison of the findings of Almås and Hygen (2012) with our results (Table 3) is not possible. Firstly, this is because we have not analyzed affected buildings for a fixed height, but have taken into account tidal variations. This will likely make a significant difference because MHW ranges from a couple of 430 centimeters to 1.1 m above mean sea level in Norway. If not taken into account, the flooding risk will be underestimated in areas with mean high tide elevation exceeding 0 m, and comparisons across regions with different tidal levels will be compromised (Strauss et al., 2012) . Secondly, we have used NN2000 as vertical reference frame instead of NN1954. At the tide gauges along the Norwegian coast, the difference between these two vertical reference frames varies between -15 cm and 12 cm (Simpson et al., 2015) . Thirdly, the numbers in Table 3 are based on data that cover 80% of the coast, while the study by Almås and 435 Hygen (2012) covers the entire coast. If we still attempt to compare numbers, the water level MHW + 1 m is perhaps the most similar to the height used in their analysis. For MHW + 1 m our results show 86,944 affected buildings, which is significantly less than the ∼110,000 reported by Almås and Hygen (2012) . Note that MHW+1 m in most areas will be higher than height 1 m in NN1954.
The present study does not aim at being a socioeconomic analysis of coastal flooding for Norway as the climate service 440 includes no information on value of property or the population in the coastal zone. Our inundation maps, however, could be used as input to a socioeconomically analysis. In their analysis, Vousdoukas et al. (2018a) caution that the accuracy of their modeled extreme sea levels for Norway may be affected by the presence of many bays, islands and steep complex terrain. Furthermore, they indicate that elevation data of higher spatial resolution are required to achieve the same accuracy for Norway as for flatter parts of Europe. This suggests that high accuracy national coastal flooding maps must be used to achieve results 445 that are useful for planners and stakeholders. We believe that the methods and data used for mapping sea levels in the present study, especially the use of a 1×1 m DEM and accounting for regional differences in MHW, storm-surge heights and sea-level rise, represent significant progress compared to the methods used by Almås and Hygen (2012) and Vousdoukas et al. (2018a) .
Conclusions
Using new high accuracy LiDAR elevation data we have generated coastal flooding maps for Norway. Thus far, we have 450 mapped ∼80% of the coast, for which we currently have data of sufficient accuracy to perform our analysis. Our mapping method accounts for regional variations in tidal datums, storm-surge levels, and projections of sea-level rise. Nationwide we have identified a total area of 400 km , 189,000 buildings, and 3490 km of roads would be exposed to 1000 year storm surge. This gives an indication of how vulnerable Norway is to a scenario of rapid ice melt from Antarctica.
Examining the categories of what is at flooding risk shows the vast majority of areas are classified as nature. However, the fraction of total area classified as developed, public facility, or primary industry increases for higher water levels. Developed areas at flooding risk from a 200 year storm surge will increase more than three times in size between now and 2090 due to 460 sea-level rise (increasing from 6 to 19 km 2 ). For buildings, around 80% of those at risk are private (homes, cabins, garages, or boat houses) for all mapped water levels. The fraction of buildings classified as private industry, public, or critical infrastructure increases for higher water levels. Critical infrastructure buildings at risk from a 200 year storm surge will increase from 30 to 80 between now and 2090. For roads, the percentage of public roads at risk will increase for higher water levels. Thus, while sea-level rise leads to more objects to be at risk of flooding, our results also indicate an increasing fraction will be objects of 465 higher value.
Regional differences indicate that the west and southern coast of Norway, outer parts of Oslofjorden, areas around Trondheimsfjorden, and Tromsø have the largest numbers of buildings at risk of coastal flooding. For land areas and roads, it is the middle of Norway and outer Oslofjorden that are most at risk. Regional differences in the number of objects exposed to flooding can largely be explained by regional differences in population density. Inspection of the inundation maps shows that, across 470 much of Norway, the typically steep topography restricts flooding to areas immediately adjacent to the coast. Of the examples we have examined, we find cities, island communities, and in particular towns and villages located on glaciomarine deltas are at risk from coastal flooding. The flooding risk at glaciomarine deltas can be exacerbated by the effect of river flooding.
A number of different factors determine the accuracy of the mapping and associated statistics of exposed objects. A comparison of control points from different terrain types indicates that the elevation model has a RMSE of 0.26 m and is the 475 largest source of uncertainty in our mapping method. There are also smaller errors associated with different vertical datums and transformations between datums that have not been assessed for the entire coast. However, we believe that the sum of these mapping errors are generally smaller than the projected sea-level rise, which gives us confidence in our results. Despite the generally steep nature of the coastline, where any mapping errors introduce only small errors in the horizontal extent of flooding, the sheer length of the coast means that small errors can accumulate. A lot of infrastructure is located very close to 480 the coast and may therefore be erroneously mapped as exposed (or not at risk). Furthermore, objects situated directly above the water surface, e.g., buildings on pillars and roads over bridges, will be erroneously mapped as exposed and cannot be sieved from our results. Owing to this, some results will be biased high. For example, we find 40,000 buildings and 180 km of roads erroneously mapped as exposed to present MHW, when the true number should be zero.
Although Norway is generally at low risk from sea-level rise largely owing to its steep topography, the maps presented 485 here show that on local scales, many parts of the coast are potentially vulnerable to flooding. Norway is a well developed country, with expensive infrastructure, properties of high commercial value, and buildings of high standards. These factors raise the potential costs of flooding but make climate adaptation measures more cost effective. Our coastal flooding maps and associated statistics are freely available, and alongside the development of the coastal climate service Se havnivå i kart, will help communicate the risks of sea-level rise and storm surge to stakeholders. This will in turn aid coastal management and Table 7 . Quantitative assessment of effects contributing to the accuracy of the mapping. 
